Many taxa of Nearctic origin have diversified in the subtropical highlands of Mexico. In particular, flies in the genus Rhagoletis have undergone episodes of isolation and gene flow during Pleistocene glaciations and post-glacial times that have produced lineage differentiation and reproductive isolation. To reach a better understanding of the phylogeography of the genus Rhagoletis, a host plant survey of the walnut-infesting Rhagoletis suavis species group was conducted across sixteen states comprising 34 different collecting sites in Mexico over a 9-year period. Five species of Juglans were found to be infested by three species of walnut-attacking Rhagoletis flies. Several species of parasitoids were also recovered from collections, but in contrast to their walnut fly hosts, they revealed little evidence for host or geographic subdivision. There was no consistent difference in mean eclosion time between walnut fly species or populations associated with different host walnuts in Mexico, unlike the case for other Rhagoletis species, in which allochronic isolation arising from variation in diapause timing is a major ecological adaptation, reproductively isolating flies. We compare the distribution of R. suavis flies in Mexico with those of other Rhagoletis species attacking hawthorns and cherries, and discuss its implications for population divergence and speciation.
INTRODUCTION
The historical distribution of organisms is an important factor affecting population divergence and speciation (Feder et al., 2003; Soltis et al., 2006; Domínguez-Domínguez et al., 2011; Kissling et al., 2012) . Physical and climatic barriers to gene flow associated with geographic isolation allow populations to evolve independently and become reproductively isolated, and can result in speciation. It is also possible for biogeography to contribute to speciation by increasing stores of standing genetic variation (Feder et al., 2003; Michel et al., 2007; Xie et al., 2007 Xie et al., , 2008 McGaugh & Noor, 2012) . In this case, introgression following secondary contact can create new genetic combinations and phenotypes that may subsequently play a role in the genesis of new taxa, either immediately or at some future time (Feder et al., 2003 (Feder et al., , 2013 Abbott et al., 2013) .
The highlands of Mexico have been one of the most important recent crucibles for the creation of plant and animal biodiversity (Domínguez-Domínguez et al., 2011) . In particular, Pleistocene glacialinterglacial climatic cycles, and the resultant expansions and contractions of the Mexican pine-oak forest, have driven widespread divergence within plants (Luna Vega et al., 1999; Jaramillo-Correa et al., 2008) , scarabs (Lobo & Halffter, 2000) , reptiles, amphibians (Bryson et al., 2011) , and mammals (Ceballos, Arroyo-Cabrales & Ponce, 2010) . Certain patterns of endemic diversification in Mexico can be explained by allopatric speciation, facilitated by periods of geographic separation between populations (Barrera- Guzmán et al., 2012) ; however, there are also cases where genetic variation originating in the central highland regions of Mexico appears to have helped fuel diversification at a later time elsewhere. For example, for the phytophagous insect specialist Rhagoletis pomonella (Walsh, 1867) , gene flow from Mexico has been associated with subsequent sympatric host plant shifts and speciation in the USA (Feder et al., 2003; Michel et al., 2007; Xie et al., 2007 Xie et al., , 2008 ). In the current study, we expand our analysis of Rhagoletis in Mexico to investigate whether, and how, the biogeography of walnut husk-infesting flies in the Rhagoletis suavis species group may have affected differentiation.
The genus Rhagoletis Loew, 1862 comprises over 74 valid species endemic to temperate areas of the Holarctic, Oriental, and Neotropical regions (Jenkins, 1996; Smith & Bush, 2000) . Most species in the genus are specialists, feeding as larvae within the fruit of one or a limited number of host plants. The genus Rhagoletis is currently split into 14 species groups, based on fly morphology and host plant affiliations. The most well-known group is the R. pomonella sibling species complex, which includes the appleand hawthorn-infesting host races of the species R. pomonella. The R. pomonella group contains a number of geographically co-occurring taxa in North America that are all morphologically very similar to one another, but attack different, non-overlapping sets of host plants. These considerations led Bush (1966) to propose that the R. pomonella group speciated ecologically via a series of sympatric host shifts.
The biogeographic history of the R. pomonella group is complex (Feder et al., 2003; Michel et al., 2007; Xie et al., 2007 Xie et al., , 2008 . Genetic evidence suggests that ∼1.5 Mya a hawthorn-infesting population of flies became isolated in the Eje Volcánico Trans Mexicano (i.e. the central Altiplano or trans-Mexican volcanic belt; abbreviated EVTM hereafter). Subsequently, the EVTM population re-established periodic contact with the main hawthorn-infesting fly population extending from the Sierra Madre Oriental Mountains (SMOs) into the current-day USA, resulting in extensive introgression. One consequence of this introgression was the establishment of adaptive latitudinal clines, including inversions, for diapause lifehistory variation in the US SMO population. These clines are hypothesized to have later served as an important source of standing variation, enabling the sympatric radiation (shifts) of the R. pomonella group onto a number of novel host plants with differing fruiting times.
Other species groups of Rhagoletis flies may have diverged differently, however. In particular, walnut husk flies belonging to the R. suavis group have a natural history at the opposite end of the spectrum from R. pomonella. Rather than specializing on host plants from many different genera (e.g. Malus, Crataegus, Vaccinium, Symphoricarpos, and Cornus), all R. suavis group flies primarily feed in the husks of several species of walnuts (Juglans spp.; Bush, 1966 Bush, 1966, and Rhagoletis ramosae Hernández-Ortiz, 1985] generally do not overlap in their geographic ranges in North America, although certain taxa do display sympatry and modest parapatry at the current time ( Fig. 1 ; Rull et al., 2012) . All six species from the R. suavis group are native to different areas in eastern, mid-western, and south-western USA, as well as in the highlands of Mexico (Bush, 1966; Foote, 1981; Smith & Bush, 2000) . The natural history of R. suavis group flies is therefore consistent with the group having undergone allopatric speciation, with areas of current overlap resulting from secondary contact (Bush & Smith, 1998) . In addition, the walnut flies are morphologically distinguishable, differing in their wing patterns (Fig. 2) , body colorations, and markings, and with several taxa (R. completa, R. zoqui, and R. suavis) displaying sexual dimorphism (Bush, 1966) . These morphological differences imply that sexual selection, rather than host-related ecological adaptation, may have played an important role in generating prezygotic reproductive isolation between R. suavis species, contributing to their speciation (Bush & Smith, 1998) .
The distribution of R. suavis group flies in the USA is well characterized ( Fig. 1 ; Bush & Smith, 1998) , but their distribution in Mexico is not. With the exception of R. suavis, five of the six species in the suavis group have been reported in Mexico (Foote, Blanc & Norrbom, 1993; Smith & Bush, 2000) , with two species, R. zoqui and R. ramosae, being endemic; however, many reports of R. suavis group flies in Mexico are based on observations without detailed geographical information (see Bush & Smith, 1998; Smith & Bush, 2000) , and thus data on the distribution and host plant affiliations of walnut husk flies in Mexico are incomplete. In addition, little is known about the parasitoids that attack R. suavis flies in Mexico, which can have an important bearing on resolving biogeographic issues. The exception is the description of a species of fully parthenogenic figitid, Aganaspis alujai Wharton & Ovruski, 2007 , that attacks R. ramosae and R. zoqui (Ovruski et al., 2007) .
Here, we present results from a 9-year survey of walnut-infesting flies and their parasitoids throughout México, aimed at resolving host plant associations and geographic distributions in this group of insects. We couple the population survey with molecular phylogenetic analyses of flies within the R. suavis group based on mitochondrial DNA (mtDNA) data of Smith & Bush (1997 , 2000 and new sequences generated here. In addition, we characterize adult eclosion times of different walnut fly populations in Mexico. Adult eclosion time is an important hostrelated adaptation generating reproductive isolation in the R. pomonella group (Feder, Hunt & Bush, 1993; Filchak, Roethele & Feder, 2000) . We therefore conducted a series of rearing studies to investigate whether differences in adult eclosion time among R. suavis flies in Mexico may also serve as an ecological barrier to gene flow between populations using different walnut species. (Manning, 1957; Stone et al., 2009) . Although certain of these walnuts overlap in their ranges (J. olanchana and J. steyermarkii in Guatemala, and J. hirsuta and J. microcarpa in Nuevo Léon, Mexico), the distributions of the seven different species are largely disjunct (Stone et al., 2009) . In addition to the seven native species, the English walnut, Juglans regia L. (i.e. the Persian walnut or Spanish walnut, 'Nuez de Castilla'), was introduced by Spanish colonists to Mexico 500 years ago. This species is widely planted in backyards in the central EVTM (Tlaxcala, Puebla, Veracruz) and several rural areas in Mexico. With respect to its R. completa R. zoqui (Rull et al., 2012) . distribution, J. regia fills certain gaps between environments where native walnut species are not found: in particular, in the transition zone between the EVTM and the SMOs. To date, five of the seven native species of walnuts (J. mollis, J. pyriformis, J. major, J. microcarpa, and J. hirsuta) and the introduced J. regia have been reported to be hosts for R. suavis group flies in México (Smith & Bush, 2000) .
MATERIAL AND METHODS

WALNUT HOST SPECIES
WALNUT COLLECTION
Walnuts were collected at a total of 34 different locations covering 16 different states in Mexico, from July to late October, over a 9-year period from 2002 to 2011 ( Fig. 2 ; see Table 1 for details concerning sites). About 95% of the fruit were collected under the canopies of trees, with the remainder picked from branches. Larval-infested fruit were taken back to the laboratory at Xalapa, Mexico, weighed, and placed over woven plastic baskets. The baskets containing the fruit were placed over plastic trays lined with a 2-cm layer of moist vermiculite as a pupation medium. Every 3 days, the trays were monitored for pupae.
Recovered pupae were counted and placed in 200-mL transparent plastic containers lined with vermiculite moistened with a 2% sodium benzoate solution. Containers with pupae were stored at room temperature (without temperature control) in a ventilated fruitprocessing laboratory without temperature control, and were kept this way until adult flies eclosed. Several attempts were made at subjecting pupae to standard low-temperature regimes (12 weeks at 5°C), but these resulted in extremely low adult emergence. Pupae were therefore left at ambient temperature under environmental regimes close to those naturally experienced by R. zoqui populations in Xalapa under the assumption that adult eclosion patterns would mirror those of such populations.
ADULT FLY ECLOSION
The timing of adult eclosion is an important host plant-related adaptation, generating ecological reproductive isolation among R. pomonella group flies. The fruit on many Rhagoletis host plants ripen at different times of the year. Rhagoletis flies are univoltine, Emergence (and timing of emergence) of parasitoids was also recorded along with that of their fly hosts. Recovered parasitoids were placed in 1-L plastic cages with free access to water and honey for 2 days to allow for their wing pigmentation to completely develop, and then specimens were placed in vials in a 70% ethanol solution. Parasitoids were identified using morphological traits by Larissa Guillén (INECOL) and Robert Wharton (Texas A&M University).
ENVIRONMENTAL CONDITIONS
Elevation, mean annual temperature, and mean annual precipitation were obtained from maps (INEGI, 1988 ) and compared among collection sites for the three Rhagoletis species by means of KruskalWallis tests.
MTDNA SEQUENCING AND ANALYSIS
For all new sequences, total genomic DNA was extracted using Puregene DNA purification kits and protocols. A 478-bp section of cytochrome c oxidase subunit II (COII) was amplified using the primers C1-J-2792 ('George': 5′-ATACCTCGACGTTATTCA GA-3′) and TK-N-3772 ('Eva': 5′-GAGACCATTACTTG CTTTCAGTCATCT-3′) from Simon et al. (1994) . Polymerase chain reaction (PCR) was performed with an initial 3-min denaturation step at 94°C, followed by 34 cycles of 94°C for 30 s, 50°C for 1 min, and 72°C for 2 min, and with a final elongation step of 72°C for 10 min. PCR products were cleaned using SAP/Exo prior to sequencing. New sequences were then combined with sequences gathered from the literature and downloaded through GenBank. The main source for additional sequences was Smith & Bush (1997) . All sequences were unambiguously aligned using SEQUENCHER (GeneCorp, Ann Arbor, MI, USA). A maximum-parsimony gene tree was generated among all taxa in the R. suavis species group, excepting R. ramosae, using a heuristic search in PAUP* 4.0b8 (Swofford, 2000) . We could not include sequence data from R. ramosae because it did not PCR amplify for the mtDNA COII gene using the standard primers C1-J-2792 and TK-N-3772, which have worked previously across the entire genus of Rhagoletis (e.g. Smith & Bush, 1997) . A heuristic search in PAUP* 4.0b8 (Swofford, 2000) was used. The taxa Rhagoletis cingulata (Loew, 1862) and Rhagoletis tabellaria (Fitch, 1855) were included in the analysis as outgroup species to root the tree.
RESULTS
DISTRIBUTION AND HOST PLANT AFFILIATION FOR FLIES
Overall, we reared R. completa, R. zoqui, and R. ramosae from five different species of walnuts (Juglans) from 34 sites in Mexico ( Fig. 2 ; Tables 1, 2 . The three fly species and their hosts were largely allopatric in their distributions (see below for separate presentations of the ranges and hosts of each taxon). Thus, the distribution of flies was essentially defined by the ranges of the Juglans species they attack. The one notable exception was near Acahuales, Tamaulipas, where R. completa and R. zoqui, as well as hybrids between the two species, were all reared from J. mollis (see stars in Figs 1, 2; Table 2 ). Morphological analysis of wild flies from Acahuales and obtention of hybrids from laboratory crosses reported in Rull et al. (2012) indicated that Table 2 ). The result for Nuevo Léon confirmed previous informal findings by S. Berlocher (Foote, 1981) , and implies that the range of R. completa currently extends from the central plain states in the USA, from southern Minnesota to Kansas (host J. nigra), before sweeping across parts of Oklahoma and Texas to south-western USA (with a transition to J. microcarpa as the principal host), and then down into north-eastern Mexico, where J. microcarpa and then J. hirsuta are successively infested by the fly (Fig. 1) . The southern extreme of the range for R. completa was found to be southern Tamaulipas. Here, the fly was reared from J. mollis along with R. zoqui, and, as noted above, the two species appear to be hybridizing.
Rhagoletis zoqui infested J. mollis at sites in Tamaulipas, San Luis Potosí, Querétaro, and Hidalgo ( Fig. 1; Table 2 ). The latter record confirms findings by Bush (1966) , who described the species from collections of J. mollis in Zoquizoquipan, Hidalgo; however, R. zoqui was also found infesting J. pyriformis at various sites across Veracruz, consistent with a previous report by Aluja et al. (2000) . Thus, the native distribution of R. zoqui in Mexico appears to correspond to the ranges of the endemic walnuts J. mollis and J. pyriformis (Fig. 1) . In addition, we discovered R. zoqui infesting walnuts collected from the introduced J. regia in the eastern portion of the EVTM from the highlands of Veracruz, through Tlaxcala and Puebla, to the Distrito Federal (Fig. 1) . This suggests that the range of R. zoqui has been expanded into the EVTM by the human introduction of J. regia into the region.
Rhagoletis ramosae was found infesting J. major in the western portion of the EVTM, west of the Distrito Federal, in Morelos, Guerrero, Estado de México, and Michoacán ( Fig. 1; Table 2 ). Collections of J. major from Jalisco and Nayarit failed to yield R. ramosae, possibly because the walnuts were collected too late in the season at these two sites, at the end of October, after larvae had left the walnut husks and pupated in the soil. Regardless, the range of R. ramosae coincided well with that of the glabrata variety of J. major (Fig. 1) . Manning (1957) described a second stellata form of J. major occurring from Durango, Chihuahua, and Sonora, up into south-western USA (Fig. 1) . In the USA, these walnuts are attacked by R. boycei and R. juglandis. According to Bush (1966) , the same is true in northern Mexico, although further sampling is needed to establish the extent of the ranges of R. boycei and R. juglandis in the Sierra Madre Occidental Mountains.
ENVIRONMENTAL CONDITIONS
A Kruskal-Wallis test revealed no significant differences in the elevation of the sites where walnut flies were recovered [H(2, N = 24) = 3.60; P = 0.164]; however, R. zoqui tended to be found at higher elevation (1855 ± 105 m a.s.l.) than R. completa (1486 ± 89 m a.s.l.) and R. ramosae (1582 ± 94 m a.s.l.). In contrast, R. ramosae was found at sites with significantly warmer mean annual temperatures (20 ± 0.95°C; data from INEGI 1988) than sites where R. zoqui (16 ± 0.67°C) and R. completa (15 ± 1.00°C) were recovered [H(2, N = 24) = 9.40; P = 0.009]. Finally, R. completa was found at sites that were significantly drier (725 ± 125 mm; data from INEGI 1988) than the sites from which R. ramosae (1300 ± 96 mm) was recovered. Although a similar tendency was observed for sites where R. zoqui (1219 ± 93 mm) was found, multiple comparisons only revealed marginally significant differences in mean annual precipitation (R. zoqui versus R. completa; P = 0.056).
PHYLOGENETIC RELATIONSHIPS
The mtDNA phylogeny for the R. suavis group based on previous data from Smith & Bush (1997) and new sequences generated here suggest a clear chronology of speciation events for walnut husk flies (Fig. 1) . First, R. suavis separated from the common ancestor of the group. This was followed sequentially by the divergence in western USA and Mexico of R. juglandis, then R. boycei, and finally the split between R. completa and R. zoqui. The relationship of R. ramosae with the other suavis group species remains to be resolved, as they did not PCR amplify for the mtDNA COII gene using the primers C1-J-2792 and TK-N-3772. The majority of these speciation events in the R. suavis group can nevertheless be associated with the range of the primary walnut host(s) attacked by the flies ( Fig. 1; Table 2 ). For R. suavis, it is J. nigra and J. cinerea (eastern USA), for R. juglandis it is J. major var. stellata (northwestern Mexico, Arizona, and south-western New Mexico), for R. ramosae it is J. major var. glabrata (Sierra Madre Occidental Mountains and western EVTM), for R. completa it is J. microcarpa (northeastern Mexico, New Mexico, Texas, Oklahoma, and southern Kansas) and J. hirsuta (northern SMOs); and for R. zoqui it is J. mollis (central SMOs) and J. pyriformis (Veracruz). The exception is R. boycei that shares its primary host, J. major var. stellata, with R. juglandis, and whose range is currently contained entirely within that of R. juglandis in Arizona, New Mexico, and possibly parts of the northernmost Sierra Madre Occidental ( Fig. 1; Table 2 ). In this case, R. boycei and R. juglandis are ecologically separated and morphologically very distinct, with the former species being black in body colour and found at elevations of 1500 m a.s.l. and above, and with the latter being yellow in body colour and found at elevations below 2000 m a.s.l.
The mtDNA phylogeny for flies was not congruent with a nuclear DNA phylogeny constructed for its Juglans tree species hosts by Stone et al. (2009 ;  Fig. 3 ). In addition, the estimated age for the origin of the genus Juglans in North America of c. 60 Mya, and of many present-day species of 40-45 Mya (Fjellstrom & Parfitt, 1995) , is much older than that for R. suavis group flies of 2-5 Mya (Bush & Smith, 1998) . These observations imply that divergence in the R. suavis group was not a case of co-speciation along with their walnut hosts (Bush & Smith, 1998) . In particular, in the current study J. mollis, a primary host of R. zoqui, has been proposed to belong to a southern clade of Central and South American walnuts that diverged a minimum of 3 Mya from a northern clade of North American walnuts infested by all of the other R. suavis flies (Stone et al., 2009) . Thus, R. completathe genetically most closely related fly to R. zoquiinfests phylogenetically distantly related walnuts from J. mollis (J. hirsuta and J. microcarpa).
FLY ECLOSION TIME
Rearing experiments failed to document consistent differences among fly species in adult eclosion times related to their walnut hosts that could contribute to allochronic mating isolation (Table 3) . Mean eclosion time varied significantly within fly species across years and locations, even for taxa reared from the same host walnut [χ 2 (df=15) = 1273.3; P < 0.01]. For example, the range of mean eclosion times for R. completa infesting J. hirsuta (∼247-318 days) encompassed almost the entire range of times observed in Mexico (Table 3) . Thus, there was no evidence for systematic differences in mean eclosion time between fly species or host walnuts, at least in Mexico. The variation in mean eclosion times among sites and years may reflect differences in local environmental conditions, but this still needs to be systematically tested. 
PARASITOIDS
Several different species of parasitoids emerged from fly pupae recovered from fly-infested walnuts in Mexico (Table 2) . Some of these parasitoids are exclusively associated with the R. suavis group, such as the figitid Aganaspis alujai Wharton & Ovruski, 2007 and the braconid Diachasmimorpha juglandis (Muesebeck, 1961) . Other wasps reared from Mexican walnut flies, such as Diachasmimorpha nr. mellea (Gahan, 1915) , are known to attack Rhagoletis flies in other species groups (e.g. R. pomonella and R. cingulata), in addition to R. suavis. Finally, five parasitoids normally associated with the neotropical genus Anastrepha, such as Asobara nr. anastrephae (Muesebeck, 1958) , Doryctobracon aerolatus (Szépligeti, 1911) , Spilomicrus nr. inornatus Masner, 1991 (Diaprididae), Odontosema anastrephae Borgmeier, 1935 , and an undescribed species of Pteromalidae, were also reared from Mexican walnut husk flies. There appeared to be little differentiation in the Rhagoletis-specific parasitoids attacking R. completa, R. zoqui, and R. ramosae, as both A. alujai and D. juglandis were reared from all three flies. Thus, based on morphological criteria, parasitoids displayed no evidence for biogeographic subdivision in Mexico. As might be predicted, the parasitoids D. juglandis and A. alujai emerged as adults later than their fly hosts [χ 2 (df=15) = 1273.3; P < 0.01; Table 3 ].
DISCUSSION
Our results help clarify some outstanding questions concerning the roles that biogeography and host affiliation have played in the radiation of the R. suavis group. Like their walnut-infesting relatives in the USA, Mexican fly species are largely allopatric and infest different Juglans species. Indeed, the distributions of walnut species largely define the geographic ranges of the different R. suavis group species that attack them. Thus, it is clear that the geographic separation of host Juglans populations has had a significant effect on the divergence of walnut husk flies.
It does not appear, however, that R. suavis group flies co-speciated in unison with Juglans, based on mtDNA. First, in contrast to other Rhagoletis, R. suavis group flies are not host specific with respect to the Juglans species they infest. Thus, whereas R. suavis group flies are specialists on walnuts, they are not ecologically adapted or constrained to attacking a particular species, but instead can infest any walnut that they co-occur with. As a result, R. suavis group species are not reproductively isolated by hostrelated ecological barriers to gene flow. Where fly species co-occur, they can infest the same walnuts and potentially interbreed, which appears to be the case between R. completa and R. zoqui (Rull et al., 2012) . Second, the phylogeny and historical timing of divergence for flies and walnuts are not congruent with strict co-speciation (Fig. 3) . Walnut species appear to Table 3 . Species name, host plant, collection year, locality, and mean duration (in days) from collection to adult emergence for different species and populations of walnut-infesting Rhagoletis and their parasitoids have diverged historically well before the flies. Nevertheless, it is the case that several breaks in the distributions of Juglans species do roughly correspond with gaps in the ranges of walnut fly taxa (Fig. 1) . This implies that past changes in environmental conditions in North America geographically subdivided walnut species in a manner that resulted in the isolation of fly populations, facilitating speciation. Subsequent migration of flies resulted in present day areas of parapatry and infestation of secondary host walnut species.
Further work is needed to better estimate branching times for R. suavis group taxa, and equate these times with historical distributions of walnuts to resolve the exact spatial context and chronology of speciation for the group. In addition, DNA sequence data are needed for R. ramosae to establish its phylogenetic relationship with the other R. suavis group flies. Nevertheless, the current mtDNA results (Fig. 1 ) allow for a testable hypothesis to be framed concerning the past sequence of events: (1) R. suavis became separated from the common ancestor of the group as a likely consequence of the fly becoming geographically isolated and evolving independently in eastern USA on J. nigra; (2) R. juglandis then splitin mating trials. At face value, this could be interpreted as indicating that sexual selection is not involved in isolating R. suavis group flies. A more appropriate view given the current data, however, is that sexual isolation may not evolve rapidly enough among R. suavis group flies to be observed between the two closely related taxa R. completa and R. zoqui that hybridize where they overlap in Acahuales, Tamaulipas. Tests of more fully isolated taxa are therefore needed to adequately rule out sexual isolation as a contributory factor to R. suavis group speciation (Hood, Egan & Feder, 2012) .
Ecological adaptation to abiotic environmental conditions, such as temperature, humidity, and growing season, may contribute to differentiation in the walnut husk flies. The results presented here argue against host-related effects, per se, at least in regards to adult eclosion timing; however, environmental conditions do vary among the different ranges of R. suavis group flies, and this could have a bearing on reproductive isolation, if hybrids were formed. Perhaps this is most evident in the distribution of R. boycei (higher elevation, more mesic, and northern species) and R. juglandis (lower elevation, more xeric, and southern species), where they overlap in Arizona and New Mexico. Also, R. completa seems more resistant to xeric and hot conditions than its parapatric counterpart R. suavis; however, these traits may not have contributed to speciation or serve to currently reduce gene flow between R. suavis group taxa, as they could have arisen or presently act after other intrinsic or prezygotic barriers reproductively isolate flies. Although we feel that ecological adaptation probably played some role in walnut husk fly speciation, discerning its importance and the relative contributions of other inherent gene flow barriers requires additional study. In this regard analyses of closely related parapatric species pairs, like R. completa and R. zoqui, where hybridization appears to be in progress, perhaps provide the best opportunity for characterizing the chronology and significance of different factors for R. suavis speciation.
In conclusion, the history of several species groups in the genus Rhagoleits is linked to varying degrees with the intense geological and climatic activity of Mexico. Rhagoletis flies migrated into Mexico from the north in the past, leading to their spatial subdivision and speciation. Here, we examined the distribution and host affiliations of walnut husk flies in Mexico to help resolve their biogeography. Our results imply that either one or two episodes of migration of R. suavis flies occurred in Mexico, depending upon the systematics of R. ramosae. In the first scenario, in which R. ramosae and R. zoqui/R. completa are most closely related, a single event occurred in which walnut flies moved along the SMOs before becoming isolated on different Juglans hosts and speciating. In the second scenario, in which R. ramosae and R. juglandis or R. boycei are closely related, two separate incursions occurred: (1) an earlier event through the SMOs that gave rise to R. juglandis or R. boycei and R. ramosae; and (2) a later event through the SMOs that generated R. completa and R. zoqui. Additional genetic work and sampling are needed to further clarify the details of the history of Rhagoletis in Mexico and search for parallels with other organisms. Specifically, collections of: (1) J. major var. stellata and J. major var. glabrata from Sonora, Chihuahua, Durango, and Sinaloa are needed to determine how far the ranges of R. juglandis and R. boycei extend in north-western Mexico, and whether they abut with R. ramosae; (2) J. major var. glabrata in Jalisco and Nayarit to define the western extreme of the distribution of R. ramosae; (3) J. microcarpa from northern Coahuila, to confirm that the range of R. completa is continuous from Tamaulipas to Minnesota; and (4) J. olanchana and J. steyermarkii at the Chiapas-Guatemalan border, which could result in the discovery of new species of walnut flies. Regardless of the above, it is clear that the Mexican highlands have been a complex contributor to the diversification of Rhagoletis flies through time, particularly for those in the R. suavis species group.
